Introduction
============

The renin--angiotensin system (RAS) performs a critical role in the homeostatic regulation of body fluid volume, electrolyte balance, and blood pressure. A low sodium diet (LSD) is one of the stimulating factors of the RAS, and the RAS activation is an important physiological mechanism to guard against blood pressure lowering in a low sodium intake condition.[@b1-dddt-10-1525] Therefore, the RAS blockers have been known to enhance the blood pressure-lowering effect on a low sodium intake.[@b2-dddt-10-1525]--[@b4-dddt-10-1525]

On the other hand, the pharmacokinetic and pharmacodynamic properties of several drugs are also sometimes influenced by dietary sodium intake. High dietary sodium intake had been reported to be related to 20%--60% reduction of the oral bioavailability in some cardiovascular drugs, such as verapamil, atenolol, and quinidine, which are substrates of energy-dependent intestinal efflux transporter P-glycoprotein (P-gp) and intestinal metabolic enzyme cytochrome P450 3A (CYP3A) as reported from the previous clinical studies in humans.[@b5-dddt-10-1525]--[@b7-dddt-10-1525] The prolonged hypertonic stress in the intestinal mucosal epithelial cells increases the expression of transporters or enzymes, including P-gp and CYP3A, which are involved in raising the intracellular level of compatible osmolytes in the previous in vitro and in vivo studies using human intestinal cell lines and rats.[@b8-dddt-10-1525],[@b9-dddt-10-1525] Therefore, modulation of intestinal P-gp and/or CYP3A activities has been suggested as the major mechanism to reduce the bioavailability of those drugs on a high sodium diet (HSD).[@b6-dddt-10-1525] Recently, Azizi et al[@b10-dddt-10-1525] reported that the systemic exposure of candersartan, which is a substrate of P-gp but not CYP3A, waŝ30% lower on a HSD compared to on a LSD, while no such reduction was observed with valsartan and ramipril, which are neither substrate of P-gp nor CYP3A. These findings suggest that 1) the solitary modulation of intestinal P-gp activity by a high sodium intake could be a significant mechanism of the decreased bioavailability of a drug even without the modulation of CYP3A4 activity and that 2) some of the RAS blockers, such as candesartan, might have more prominent intra-subject variability in the clinical efficacy due to their pharmacokinetic change by dietary sodium content. If the bioavailability of a RAS blocker is reduced by a HSD, it might be a practically important issue. Because the reduction in the clinical efficacy of the RAS blockers when on a HSD is generally reported as a physiologic class even in the RAS blocker whose bioavailability is not affected by dietary sodium intake,[@b11-dddt-10-1525] a RAS blocker which has reduced bioavailability when on a HSD might have additionally lower, sometimes insufficient, clinical efficacy compared to other RAS blockers.

Fimasartan is a nonpeptide angiotensin II antagonist with an angiotensin II type 1 receptor selectivity. Although the pharmacologic mechanism is comparable to candersartan, fimasartan is known to be a substrate of CYP3A but not a substrate of P-gp unlike candersartan.[@b12-dddt-10-1525]

Thus, in the present study, we aimed to investigate the influence of sodium intake on the pharmacokinetic and pharmacodynamic properties of fimasartan.

Materials and methods
=====================

Study population
----------------

The subjects eligible for this study were healthy normotensive Korean male volunteers, aged 20--45 years, weighing between 50 and 90 kg and with a body mass index between 19 and 27 kg/m^2^. Subjects were excluded if they had any clinically significant disease or had abnormal findings on physical examination, vital signs, 12-lead electrocardiography, serology, urinary drug screening test, and routine clinical laboratory tests (hematology, blood coagulation, clinical chemistry, and urinalysis), which were performed within 21 days prior to the first administration of the study drug.

Study design
------------

The protocol was approved by the institutional review board of Dongguk University Ilsan Hospital. Written informed consent was obtained from every subject before screening. The study was conducted at the Clinical Trial Center of Dongguk University Ilsan Hospital in Goyang, Republic of Korea, in accordance with the Declaration of Helsinki for biomedical research involving human participants and the Guidelines for Good Clinical Practice ([ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT02147704).[@b13-dddt-10-1525],[@b14-dddt-10-1525]

This study was designed as a two-diet, two-period, two-sequence, open-label, randomized, and crossover clinical trial. All the subjects experienced both 1 week of LSD and HSD periods with 1-week washout interval. The order of the periods (LSD → HSD or HSD → LSD) of each individual was randomly assigned with a ratio of 1:1. The identical sodium restricted diets (50 mEq/day) with fixed calories and composition of nutrients (2,300 kcal with 60%--65% carbohydrate, 15% protein, and 20%--25% fat) were served twice for subjects in the LSD and HSD periods. To induce HSD, subjects were additionally given sodium tablets (250 mmol/day) for 7 days in the HSD period. On the seventh morning of each period, subjects orally received a single dose of fimasartan 60 mg with \~240 mL of water in the fasting state. The excreted amounts of sodium, potassium, and creatinine in urine for 24 hours were measured on the sixth (baseline) and seventh day (fimasartan treatment) of each period to assess the compliance for having diets and sodium tablets. It was judged for subjects to be in a good compliance if their urinary excreted sodium amount is ≤100 mmol/day in the LSD period and ≥200 mmol/day in the HSD period. The pharmacokinetic blood samples to determine the plasma fimasartan concentrations were serially obtained before dose and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, and 24 hours after dose on the seventh day. The pharmacodynamic blood samples to determine the serum aldosterone concentration (SAC) and plasma renin activity (PRA) were obtained not only before dose and at 2, 4, 6, 8, 12, and 24 hours on the seventh day but also at the equivalently scheduled timepoints on the sixth day for the baseline assessment. Subjects were discharged after physician's assessment of their health on the eighth morning of each period. The end visit was performed between the fourth and sixth day after the last discharge.

Pharmacokinetic assessment
--------------------------

A total of 8 mL blood was drawn and collected in a sodium heparin tube at each sampling timepoint to assess the pharmacokinetics of fimasartan. The plasma was separated by immediate centrifugation of the blood in the heparinized tube at 1,500 *g* for 10 minutes at 4°C. The separated plasma was immediately stored below −70°C until analysis.

The plasma concentrations of fimasartan were quantified with a validated method by using high performance liquid chromatography (Agilent 1200 series; Agilent Technologies, Santa Clara, CA, USA) coupled with mass spectrometry/mass spectrometry an API4000 QTrap hybrid triple-quadrupole linear ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) by the Department of Clinical Pharmacology and Therapeutics, Seoul National University College of Medicine and Hospital, Seoul, Republic of Korea. In brief, 50 μL of plasma samples was mixed with 250 μL of BR-A-563 (2.5 ng/mL in acetonitrile), an internal standard. After centrifugation at 19,320 *g* for 10 minutes at 4°C, the supernatant was separated on a Poroshell120 C18 column (2.7 μm, 50×3.0 mm inner diameter; Agilent Technologies). The mass transitions were m/z 502.277 → 207.400 for fimasartan and m/z 526.341 → 207.300 for internal standard. The standard curve interval for fimasartan was 0.5--500 μg/L. The within-and between-run accuracy of the analysis ranged from 89.30% to 103.2%, and precision was lower than 10.846%.

The pharmacokinetic parameters of fimasartan in individual subjects were analyzed with a noncompartmental method by using Phoenix^®^ WinNonlin^®^ software (v 1.3, Pharsight Corporation, St Louis, MO, USA). The maximal plasma concentration (C~max~) and the time to C~max~ (T~max~) were obtained from the observed values. The terminal elimination rate constant (λ~z~) was estimated by a log-linear regression of logarithmic-linear decline of the plasma concentration--time curve. The terminal elimination half-life (T~1/2~) was determined by the equation ln 2/λ~z~. The area under the curve from before dose to 24 hours after dose (AUC~0--24\ h~) was derived by using the log-linear trapezoidal rule, and the area under the curve from before administering a dose to infinite levels (AUC~0--∞~) was obtained by summation of AUC~0--24\ h~ and C~last~/λ~z~ (C~last~: the last measurable concentration).

Pharmacodynamic assessments
---------------------------

A total of 6 mL of blood was drawn in the upright position and collected in a serum separating tube and ethylenediaminetetraacetic acid tube for quantification of SAC and PRA, respectively. The blood in the serum separating tube was centrifuged after 30-minute standing, while the blood in the ethylenediaminetetraacetic acid tube was immediately centrifuged to separate serum and plasma. The centrifugation conditions of both tubes were 2,800 *g* for 10 minutes at 4°C. The separated serum and plasma were immediately stored below 70°C until analysis. The SAC and PRA were determined by the radioimmunoassay method using commercialized kits (SAC: Immunotech, Prague, Czech Republic, PRA: DiaSorin Inc., Stillwater, MN, USA) at Green Cross LabCell, Yongin, Gyeonggi, Republic of Korea. The log-linear trapezoidal rule was applied to calculate the AUC~0--24\ h~ of SAC and PRA for seventh day for the treatment as well as the sixth day for the baseline.

Tolerability assessment
-----------------------

Subjective symptoms were monitored throughout the study via investigator's questionnaires or subjects' spontaneous reports in verbal or by writing on the provided subject's notebook. In addition, objective signs were monitored by conducting vital signs, physical examinations, clinical laboratory tests, and 12-lead electrocardiograms. Systolic and diastolic blood pressures were measured on the sitting position after at least 5-minute rest with an automatic device (WatchBP Office Twin200, Microlife Corp., Taipei, Taiwan).

Statistical analysis
--------------------

The log-transformed C~max~, AUC~0--24\ h~, and AUC~0--∞~ values were compared with the least-squares mean ratios and their 90% confidence intervals using a mixed model ANOVA, including sequence, period, and treatment as fixed effects and subjects nested within the sequence as random effects.[@b15-dddt-10-1525] Regression analysis was performed in baseline AUC~0--24\ h~ on the sixth day versus treatment AUC~0--24\ h~ on the seventh day of SAC and PRA by the least-squares method with log-transformed values. The pharmacokinetic--pharmacodynamic correlation was analyzed between the systemic exposure of fimasartan (logarithmic AUC~0--24\ h~ of fimasartan) and the changes of SAC and PRA (logarithmic treatment AUC~0--24\ h~ -- logarithmic baseline AUC~0--24\ h~). Other continuous parameters, such as T~max~, T~1/2~ of fimasartan, and changes of blood pressures, were compared by paired *t*-test. SAS^®^ version 9.3 (SAS Institute Inc., Cary, NC, USA) was used for the statistical analysis, and the *P*-values \<0.05 were considered significant.

Results
=======

Subjects
--------

Thirty-three subjects were screened, and 27 subjects aged 20--44 years (mean: 28.8, standard deviation: 7.6) and weighing 54.5--91.0 kg (mean: 69.3, standard deviation: 8.8) were enrolled in this study. Seventeen subjects finally completed the study and one of them was unsatisfied in the compliance test; his excreted amounts of sodium, potassium, and creatinine in urine for 24 hours on sodium-restricted period were \>100 mmol/day. Sixteen subjects who were satisfied in the compliance tests were included in the final pharmacokinetic and pharmacodynamics analysis. The urinary excretion of sodium on the sixth day (baseline) and seventh day (fimasartan treatment) represents good compliance of 16 subjects with the diets ([Table 1](#t1-dddt-10-1525){ref-type="table"}).

Pharmacokinetics
----------------

The time courses of mean plasma fimasartan concentrations were comparable in the LSD and HSD periods ([Figure 1](#f1-dddt-10-1525){ref-type="fig"}). There was no clear trend observed in the changes of the individual systemic exposures of fimasartan in LSD versus HSD periods ([Figure 2](#f2-dddt-10-1525){ref-type="fig"}). In the statistical analysis, the mean systemic exposure of fimasartan was slightly (≈10%) lower in the HSD period than in the LSD period, but the difference was not significant (*P*\>0.05) ([Table 2](#t2-dddt-10-1525){ref-type="table"}). The geometric mean ratios (HSD/LSD) and their 90% confidence intervals for C~max~, AUC~0--24\ h~, and AUC~0--∞~ were 0.84 (0.60--1.18), 0.91 (0.78--1.05), and 0.90 (0.79--1.03), respectively. T~max~ and T~1/2~ of fimasartan were also not significantly associated with the sodium status (*P*\>0.05).

Pharmacodynamics
----------------

The baseline levels of SAC were approximately fourfold higher in the LSD period compared to the HSD period ([Table 1](#t1-dddt-10-1525){ref-type="table"}). The mean SAC were reduced to below a half of the baseline levels at 4 hours after the fimasartan administration and were incompletely recovered at 24 hours after treatment, on both LSD and HSD. The baseline levels of PRA were approximately threefold higher in the LSD period compared to the HSD period ([Table 1](#t1-dddt-10-1525){ref-type="table"}). The fimasartan treatment increased mean PRA approximately fourfold of baseline levels, on both LSD and HSD. The elevated PRA continued over 24 hours after single administration of fimasartan with both diets.

In the comparison of regression slopes in the LSD versus HSD periods, the logarithmic linear regression line of the individual baseline AUC~0--24\ h~ versus treatment AUC~0--24\ h~ of SAC was not significantly different (*P*=0.2334), while the slope of the logarithmic regression curve of baseline AUC~0--24\ h~ versus treatment AUC~0--24\ h~ of PRA in the LSD period was significantly lower than that in the HSD period (*P*=0.0156).

In the combined analysis, the logarithmic linear regression line of the individual baseline AUC~0--24\ h~ versus treatment AUC~0--24\ h~ of SAC followed slightly transferred line of identity to the negative direction (*r*=0.9315, *P*\<0.0001) ([Figure 3A](#f3-dddt-10-1525){ref-type="fig"}), while hyperbolic regression curve was generally well fitted to the relationship of baseline AUC~0--24\ h~ versus treatment AUC~0--24\ h~ of PRA (*r*=0.9058, *P*\<0.0001) ([Figure 3B](#f3-dddt-10-1525){ref-type="fig"}).

Relationship between pharmacokinetics and pharmacodynamics
----------------------------------------------------------

In the pharmacokinetic--pharmacodynamic correlation analyses, weak but significant correlation was found between the change in logarithmic AUC~0--24\ h~ of SAC after treatment and the logarithmic AUC~0--24\ h~ of fimasartan (*r*=−0.3595, *P*=0.0433), while the correlation between the PRA and systemic exposure of fimasartan was not significant (*r*=−0.0719, *P*=0.6959).

Tolerability
------------

A single oral dose of fimasartan was well tolerated in the participants of this study. Sixteen cases (eight for each diet) of treatment-emergent adverse events were reported, including diarrhea, abdominal pain, dizziness, vasovagal syncope, headache, fatigue, increased serum creatine phosphokinase, and papule. All of them were in mild to moderate intensity and spontaneously resolved without any sequelae. There was no serious adverse event during the study.

Discussion
==========

The present observation supported that the dietary sodium content rarely affects the pharmacokinetics of fimasartan. The mean systemic exposure of fimasartan is slightly (≈10%) decreased in the HSD period. The 90% confidence interval of the difference narrowly crossed the lower margin of the standard criteria for assuming bioequivalence with 0.78--1.05 for AUC~0--24~ h,[@b16-dddt-10-1525],[@b17-dddt-10-1525] and this difference was not statistically or clinically significant.

Fimasartan is reported to be metabolized primarily by CYP3A4 in the in vitro metabolism studies using human liver microsomes.[@b18-dddt-10-1525] However, the metabolism of CYP3A4 in the intestine has not been investigated yet. Fimasartan is reported to be transported by OAT1 (organic anion transporter 1), OATP1B1 (organic anion transporting polypeptides), P-gp (p-glycoprotein), MRP2 (multidrug resistance associated protein 2), BCRP (breast cancer resistance protein) in the in vitro studies using solute carrier overexpressed oocytes.[@b18-dddt-10-1525] The present study results suggest that the solitary modulation effect of intestinal CYP3A activity which is induced by dietary sodium intake influences little on the pharmacokinetics of fimasartan, supporting that the metabolism of intestinal CYP3A4 might be trivial on the elimination of fimasartan. It might be caused by the metabolically stable characteristics of fimasartan. Although the primarily responsible metabolic enzyme of fimasartan is CYP3A4, it is assumed to be involved to a minor extent because more than 90% of the fimasartan moiety in plasma is reported to be the parent form.[@b19-dddt-10-1525]

The pharmacodynamics of the SAC and PRA after the fimasartan treatment showed their baseline-dependency with high correlation coefficients over 0.9. The logarithmic regression line of the baseline versus treatment AUC~0--24~ h of SAC was parallel to the line of identity ([Figure 3A](#f3-dddt-10-1525){ref-type="fig"}), suggesting that the ratio of SAC (fimasartan treatment/baseline) was constantly sustained regardless of their baseline SAC or sodium intake amounts. The pharmacokinetic--pharmacodynamic correlation analysis results indicated that the AUC~0--24~ h of SAC after fimasartan treatment was larger in the individuals with higher systemic exposure of fimasartan, and was not dependent on sodium intake.

The PRA level after the fimasartan treatment was also dependent on its baseline value. However, the relationship between the baseline versus after treatment was more fittable to the hyperbolic regression curve than the linear regression line, suggesting that PRA could be saturated after fimasartan treatment in some individuals whose PRA before treatment had been already highly enhanced by the LSD status. An explainable mechanism for this saturated phenomenon might be the negative feedback on the renin production by a direct action of increased angiotensin II level in response to the angiotensin II receptor blockade.[@b20-dddt-10-1525] No correlation between the AUC~0--24~ h ratios of PRA after fimasartan treatment and systemic exposure of fimasartan in this study seems to be due to this saturated phenomenon of PRA.

Limitations
===========

The present study had some limitations due to its open-label, single-dose design, and small-sized population with younger healthy normotensive subjects. Although these experimental conditions of the study efficiently contributed to describe the effect of dietary sodium content on the pharmacokinetics and pharmacodynamics of fimasartan, the results of this study could not be directly generalized to the hypertensive patients with long-term treatment of fimasartan. The study results would be scientifically more robust, if a positive or negative control drug, such as candesartan or valsartan, was applied in the study. The effect of the body fluid status change, one of the confounding factors of dietary sodium intake, was not eliminated from the study results, because the observations of body fluid status change via repeated body weight measurements or water consumption restriction were not performed in this study.

Conclusion
==========

The effect of solitary modulation of intestinal CYP3A4 by a high sodium intake did not significantly affect the pharmacokinetics of fimasartan. The pharmacodynamics of fimasartan was highly dependent on the baseline level of RAS activation, which is influenced by dietary sodium intake, and no additional reduction on the ratio change of SAC and PRA after fimasartan treatment was found when on a high sodium intake. Further investigations are needed to evaluate the effect of dietary sodium intake on the pharmacokinetics and pharmacodynamics of fimasartan in the hypertensive patients with long-term treatment.
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![Comparison of individual systemic exposure of fimasartan during the low sodium diet and high sodium diet periods.\
**Abbreviation:** AUC~0--24\ h~, area under the curve from before dose to 24 hours after dose.](dddt-10-1525Fig2){#f2-dddt-10-1525}

![Comparison of baseline area under the curve from before dose to 24 hours after dose (AUC~0--24\ h~) versus treatment AUC~0--24\ h~.\
**Notes:** (**A**) Comparison of baseline area under the curve from before dose to 24 hours after dose (AUC~0--24\ h~) versus treatment AUC~0--24\ h~ of serum aldosterone concentration (SAC). (Closed circle, low sodium diet; open circle, high sodium diet; blue lines, linear regression line and its 95% confidence intervals; and black dot line, line of identity.) (**B**) Comparison of baseline AUC~0--24\ h~ versus treatment AUC~0--24\ h~ of plasma renin activity (PRA). (Closed circle, low sodium diet; open circle, high sodium diet; black solid line, hyperbolic regression line; and black dot line, line of identity.)](dddt-10-1525Fig3){#f3-dddt-10-1525}

###### 

Urinary excreted amount of electrolyte, plasma renin activity, plasma aldosterone concentration, and blood pressure during the low sodium diet and high sodium diet periods (n=16)

  Variables                                          Low sodium diet   High sodium diet                
  -------------------------------------------------- ----------------- ------------------ ------------ -------------
  Urinary excreted amount of electrolyte (mEq/day)                                                     
   24-hour sodium                                    59.9±18.6         67.0±19.4          283.2±49.4   252.4±59.5
   24-hour potassium                                 46.6±8.5          43.6±12.4          50.3±8.9     41.2±7.1
  Serum aldosterone concentration (mg/dL)                                                              
   Before dose                                       19.3±13.3         16.7±6.0           5.2±3.0      4.5±2.5
   4 hours after dose                                18.2±7.7          6.4±2.8            3.7±1.9      1.5±1.2
   24 hours after dose                               16.7±6.0          14.4±5.6           4.5±2.5      2.5±1.5
   AUC~0--24\ h~                                     353.7±97.3        209.0±53.2         71.6±32.2    46.0±26.4
  Plasma renin activity (ng/mL/h)                                                                      
   Before dose                                       7.9±3.4           5.8±3.0            2.1±1.8      1.6±1.3
   4 hours after dose                                5.9±3.4           23.2±2.9           1.2±1.1      8.3±6.8
   24 hours after dose                               5.8±3.0           21.2±3.6           1.6±1.3      9.1±8.1
   AUC~0--24\ h~                                     138.7±59.4        536.7±65.5         38.0±44.9    187.2±142.6
  Systolic blood pressure (mmHg)                                                                       
   Before dose                                       118.1±14.1        116.9±8.0          117.7±9.4    118.4±9.3
   4 hours after dose                                --                107.1±11.3         --           112.2±11.0
   24 hours after dose                               --                109.3±11.8         --           111.0±7.8
  Diastolic blood pressure (mmHg)                                                                      
   Before dose                                       73.9±7.5          75.8±5.4           70.8±7.6     74.4±8.4
   4 hours after dose                                --                63.9±6.2           --           67.5±7.5
   24 hours after dose                               --                68.8±7.8           --           68.4±5.4

**Notes:** All variables are represented as mean ± standard deviation. --, represents no data available.

**Abbreviation:** AUC~0--24\ h~, area under the curve from before dose to 24 hours after dose.

###### 

Summary of pharmacokinetic parameters of fimasartan during the low sodium diet and high sodium diet periods (n=16)

  PK Variables              Low sodium diet   High sodium diet
  ------------------------- ----------------- ------------------
  T~max~ (h)                2.7±2.2           2.3±2.1
  C~max~ (μg/L)             119.0±102.2       94.0±70.5
  AUC~0--24\ h~ (μg\*h/L)   444.3±150.4       410.8±165.8
  AUC~0--∞~ (μg\*h/L)       465.7±152.0       429.1±170.4
  T~1/2~ (h)                5.9±1.1           5.7±0.8

**Note:** All variables are represented as mean ± standard deviation.

**Abbreviations:** AUC~0--24\ h~, area under the curve from before dose to 24 hours after dose; C~max~, maximal plasma concentration; T~1/2~, terminal elimination half-life; T~max~, time to C~max~.
